Introduction
============

Prostate cancer is the most commonly diagnosed malignancy and the second leading cause of cancer-related death among American men.^([@B1],[@B2])^ Current prostate cancer therapeutic strategies are no longer effective because cancerous cells have evolved the ability to grow in the absence of androgens, and most patients develop androgen-independent prostate cancer. Although androgen independence occurs through a gradual process, most cancers will eventually become androgen-independent because cancer cells transform themselves in a manner that promotes their growth in the absence of key survival factors such as androgens.^([@B3],[@B4])^ Therefore, new therapeutic approaches need to be implemented to manage androgen independent prostate cancer.

Mithramycin A (Mith), a polyauroleic acid isolated from *Streptomyces*, was initially evaluated as a chemotherapeutic agent in cancer patients during the 1960s and 70s.^([@B5],[@B6])^ Recently there has been renewed interest in clinical development of Mith.^([@B7],[@B8])^ It is known to be a GC-rich DNA binding agentthat inhibits the binding of specificity protein 1 (Sp1) and down-regulates numerous genes which mediate proliferation, invasion, and metastasis of cancer cells.^([@B9],[@B10])^ Myeloid cell leukemia-1 (Mcl-1) is normally up- and down-modulated in response to environmental signals and conditions in normal cells, but is constitutively expressed in cancer where it promotes cell survival and drug resistance.^([@B11],[@B12])^ Aicheberger *et al.*^([@B13])^ found that exposure of cells to Mcl-1-specific siRNA resulted in reduced cell survival and increased apoptosis compared with untreated cells.^([@B12])^ Lian *et al.*^([@B14])^ also demonstrated that inhibition of Mcl-1 by the multikinase inhibitor, sorafenib suppressed cell growth and induced apoptosis in androgen-independent prostate cancer cells. In addition, we recently studies demonstrated that knock-down of Sp1 by siRNA or Mith inhibits Mcl-1 protein, thus inducing apoptosis and inhibiting tumors in prostate cancer.^([@B15],[@B16])^ These findings suggest that Mcl-1 plays a critical role in the survival of prostate cancer patients, and that is could be a potential new therapeutic target. Although our previous study clearly demonstrated that Mith inhibits Mcl-1 to induce apoptosis,^([@B15])^ the molecular mechanism underlying this effect in prostate cancer remains poorly understood.

The mammalian target of rapamycin (mTOR) is a highly conserved serine/threonine kinase that regulates cell growth, cell cycle progression and metabolism.^([@B17])^ Several studies have established that the activation of Akt/mTOR signaling is strongly associated with advanced prostate tumors.^([@B18]--[@B20])^ Kremer *et al.*^([@B21])^ also reported a marked increased in the expression level of mTOR signaling pathway in prostate cancer tissues. Although the precise mechanisms are unknown, mTOR-mediated alterations may play an important role in protein synthesis, aberrant cell cycle signaling, and inhibition of apoptosis.^([@B22]--[@B24])^ Interestingly, other studies have shown that synthesis of Mcl-1 is regulated by the control of protein translation through mTOR.^([@B25],[@B26])^

In this study, we investigated how Mith regulated Mcl-1 protein to induce apoptosis and what the downstream targets of Mcl-1 were in PC3 and DU145 human androgen-independent prostate cancer cell lines and tumor tissues from athymic nude mice xenografts.

Materials and Methods
=====================

Reagents
--------

The antibodies for Mcl-1, phospho-mTOR, mTOR, tBid, Bim, Bak, Bax, Bcl-xL, Bcl-2 and cleaved-caspase 3 were obtained from Cell Signaling Technology, Inc. (Danvers, MA) and poly (ADP-ribose) polymerase (PARP) antibody was purchased from BD Biosciences (San Diego, CA). Actin antibody was acquired from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). 4\'-6-Diamidino-2-phenylindole (DAPI) was purchased from Sigma-Aldrich Chemical Co. (St Louis, MO). The Mcl-1 antibodies used for immunocytochemistry were purchased from Abcam (Cambridge, MA). Mithramycin A (Mith) was acquired from Sigma-Aldrich Chemical Co. (St Louis, MO).

Cell culture and chemical treatment
-----------------------------------

The DU145 and PC3 cells were kindly provided by Prof. Hwan-Mook Kim (Gacheon University, Incheon, Korea). RWPE-1 normal prostate epithelial cells were purchased from American Type Culture Collection (Manassas, VA). DU145 and PC3 cells were grown in RPMI1640 medium containing 10% FBS and 100 U/mL of penicillin and streptomycin for DU145 and PC3 cells and keratinocyte-SFM containing bovine pituitary extract and human recombinant epidermal growth factor for RWPE-1 in an atmosphere containing 5% CO~2~. Cells were seeded and allowed to attach. When the cells reached 50--60% confluence, they were treated with DMSO or Mith for 72 h. Mith was dissolved in 0.1% DMSO (vehicle control).

Western blot analysis
---------------------

DU145 and PC3 cells were seeded in 60 mm^2^ dishes and treated with DMSO or Mith for 72 h. Whole cell lysates were extracted with lysis buffer and protein concentrations were measured using a DC Protein Assay (Bio-Rad Laboratories. Hercules, CA). Samples containing equal amounts of protein were separated by SDS-PAGE and then transferred to an Immun-BlotTM PVDF membranes (Bio-Rad Laboratories). Membranes were blocked with 5% skim milk in TBST at room temperature for 1 h, incubated with primary antibodies overnight at 4°C and then with HRP-conjugated secondary antibodies for 90 min at room temperature. Antibody-bound proteins were detected using an ECL Western Blotting Luminol reagent (Santa Cruz Biotechnology, Inc.) and exposed to film.

Mcl-1 small interfering RNA (siRNA)
-----------------------------------

On TARGET plus SMART-pool siRNA sequences targeting Mcl-1 and a non-targeting control were purchased from Dharmacon Research, Inc. (Lafayette, CO). Transfection was performed according to the manufacturer's instructions. DU145 and PC3 cells were seeded in six-well plates and transfected transiently with 50 nM siRNA using DharmaFECT2 transfection reagent (Thermo Scientific, Lafayette, CO). After 72 h, DU145 and PC3 cells were analyzed for apoptosis using Western blot analysis and DAPI staining.

Statistical analysis
--------------------

Statistical analyses of the experimental data were performed using a two-sided Student's *t* test. Significance was set at *p*\<0.05.

Results
=======

Mith down-regulates the phosphorylation of mTOR which is overexpressed in prostate cancer cells
-----------------------------------------------------------------------------------------------

Previously, our group demonstrated that Mith down-regulates Mcl-1 to induce apoptotic cell death in human prostate cancer cells,^([@B15])^ so we intend to investigate how Mith regulates Mcl-1 protein and induces apoptosis. Other previous reports have suggested that over-expression of mTOR and Mcl-1 in prostate cancer cells may be strongly regulated by the mTOR signaling pathway.^([@B26],[@B27])^ We thus investigated the total and phosphrylated forms of mTOR in RWPE-1, DU145 and PC3 cells. Our results confirmed that the phosphorylation of mTOR was over-expressed in the prostate cancer cell lines compared to RWPE-1 cells (Fig. [1](#F1){ref-type="fig"}A). As shown in Fig. [1](#F1){ref-type="fig"}B and 1C, Mith also significantly decreased phosphorylation of mTOR in a concentration-dependent manner in DU145 and PC3 cells. To investigate the mTOR activation status, we examined the phosphorylation of S6K1 and eIF4E and the results showed that Mith clearly decreased their phosphorylation levels (Supplemental Fig. [1](#F1){ref-type="fig"}\*). These findings suggest that mTOR may be a molecular target for Mith-induced apoptosis and that mTOR may modulate Mcl-1 protein levels in prostate cancer cells.

Mith increases truncated Bid through down-regulation of Mcl-1
-------------------------------------------------------------

Given the fact that Mith plays a significant role in the inhibition of Mcl-1 protein and inactivation of the mTOR signaling pathway, we next investigated the proteins associated with this pathway. The expression of pro- and anti-apoptotic proteins, Bid, Bim, Bak, Bax, Bcl-2 and Bcl-xL, were analyzed using Western blot analysis. As shown in Fig. [2](#F2){ref-type="fig"}A, we observed that Mith increased truncated Bid (tBid) and decreased Bcl-xL protein in both cell lines. To determine whether the knock-down of Mcl-1 regulated the expression of tBid and Bcl-xL, we used a siRNA technology. Fig. [2](#F2){ref-type="fig"}B showed that the exposure to Mcl-1 siRNA caused an increase in tBid, but Bcl-xL was not affected by Mcl-1 siRNA. These results indicate that Mcl-1 has anti-proliferative and anti-apoptotic activities by inhibiting tBid.

Mith affects the mTOR/Mcl-1/tBid signaling pathway in a tumor xenograft of DU145 cells
--------------------------------------------------------------------------------------

As showed Fig. [3](#F3){ref-type="fig"}A, the expression phospho-mTOR and Mcl-1 protein levels were decreased in tumors and tBid protein was clearly increased in Mith-treated mice compared with controls. Tumor sections were obtained from animals from previous studies which showed that Mith inhibited prostate tumor growth in athymic nude mice bearing DU145 cells as xenografts.^([@B15])^ A summary of the working model by which the treatment of Mith induces apoptosis in human prostate cancer through mTOR/Mcl-1/tBid signaling pathway is illustrated in Fig. [3](#F3){ref-type="fig"}B.

Discussion
==========

Several studies have indicated renewed interest in clinical development of Mith due to its inhibitory activities against tumor cell growth.^([@B8],[@B28]--[@B30])^ Because Mith acts as a gene selective Sp1 inhibitor by rapidly binding to GC-rich DNA sequences, mechanistic studies on Mith have mostly focused on targeting of the Sp1 protein. On the other hand, Mith can affect downstream targets such as Mcl-1 by displacing Sp1 transcription factor from its binding sites on the promoters of oncogenes to inhibit their expression.^([@B16],[@B31])^ Studies in this laboratory also previously demonstrated that Mith inhibits Mcl-1 protein to exhibit potent anti-tumorigenic activity in rodent models for prostate and oral cancers.^([@B15],[@B32])^

Numerous reports have suggested that the aberrant activation of mTOR is closely linked with tumorigenesis,^([@B33],[@B34])^ and the activation of the mTOR pathway correlates with poor prognosis and reduced patient survival.^([@B35])^ Thus, mTOR has been considered as a promising target for the treatment of human cancers. In this study, we also found that phosphorylation of mTOR is over-expressed in human prostate cancer cell lines compared to RWPE-1 normal prostate epithelial cells (Fig. [1](#F1){ref-type="fig"}A) indicating the potential relationship between mTOR and prostate cancer development. Pradelli *et al.*^([@B25])^ and Mills *et al.*^([@B26])^ have reported that the synthesis of Mcl-1 is regulated by control of protein translation through the mTOR signaling pathway.^([@B36])^ Previous study in our laboratory showed that Mith regulates Mcl-1 protein through proteasome-dependent degradation and the inhibition of protein synthesis indicating that mTOR can modulate Mith-inhibited Mcl-1 protein expression levels in prostate cancer cells.^([@B15])^ To validate whether Mith affected mTOR signaling, we conducted Western blot analysis and the results clearly showed that phosphor-mTOR was inhibited by Mith. Thus, the inhibition of Mcl-1 protein synthesis may be due to dephosphorylation of mTOR.

Bid, a member of the BH3-only proteins, is activated via caspase-8-mediated cleavage in response to ligation of the death receptor, and its active form, tBid translocates to mitochondria from cytosol causing the activation of the mitochondrial death pathway.^([@B37])^ Several studies have been devoted to analyses of the interactions between pro- and anti-apoptotic proteins, and in particular, between BH3-only and anti-apoptotic proteins as well as their putative relationships during the response to anti-cancer treatment.^([@B37],[@B38])^ In particular, Mcl-1 is known to antagonize the function of many pro-apoptotic BH and BH3-only proteins^([@B39])^ and Clohessy *et al.*^([@B40])^ identified Mcl-1 as a potent tBid-binding partner. Therefore, the BH3-only protein Bid may be a sensor of apoptotic stimuli in the mTOR and Mcl-1 network regulating life and death of prostate cancer cells. Here, we investigated whether tBid protein is regulated by the inhibition of Mcl-1 by Mith in DU145 and PC3 cells and the results showed that Mith significantly increased tBid and the knock-down of Mcl-1 by Mcl-1 specific siRNA also resulted in truncated Bid protein (Fig. [2](#F2){ref-type="fig"}), suggesting that Mcl-1 protein may act upstream to regulate Bid protein leels and ultimately bring about apoptotic cell death. To rule out the involvement of other Bcl-2 family members on Mith-induced apoptosis in prostate cancer, we evaluated whether Mith affected other Bcl-2 family members and the result showed that only Bcl-xL protein levels were altered by Mith in both cell lines. Knock-down of Mcl-1 by siRNA did not result in any changes in Bcl-xL protein levels in either cell line, indicating that Bcl-xL may not be a downstream target of Mcl-1 protein. Previous studies showed that Mith decreases tumor growth and weight in athymic nude mice bearing DU145 as xenografts.^([@B15])^ Here we found that Mith inhibited phospho-mTOR and Mcl-1 protein levels and increased tBid protein levels in tumor sections from the same animals demonstrating comparable induction of these proteins in both *in vivo* and *in vitro* tumor models.

In summary, our study demonstrates that down-regulation of Mcl-1 protein by Mith may be due to the inactivation of mTOR signaling and tBid is a key downstream target of Mcl-1 protein for Mith-induced apoptosis. Therefore, mTOR/Mcl-1/tBid pathway might be a critical signaling pathway of Mith to induce apoptotic cell death in human prostate cancer.
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###### Supplemental Fig. 1

![Mithramycin A down-regulates phosphorylation of mTOR in human prostate cancer cells. (A) Levels of total mTOR and phospho-mTOR (p-mTOR) were analyzed by Western blot analysis in RWPE1, DU145 and PC3 cells. (B) p-mTOR and total mTOR expression levels in DU145 and PC3 cells treated with dimethyl sulfoxide or different concentrations of Mithramycin A (Mith) were determined by Western blot analysis. (C) Results are expressed as mean ± SD of three independent experiments and statistical significance (*p*\<0.05) compared with DMSO-treated cells is indicated (\*).](jcbn13-28f01){#F1}

![Down-regulation of Mcl-1 by Mithramycin A or siRNA increases truncated Bid. (A) Bcl-2 family members \[truncated Bid (tBid), Bim, Bak, Bax, Bcl-xL and Bcl-2\] in DU145 and PC3 cells treated with dimethyl sulfoxide or various concentration of Mithramycin A (Mith) were evaluated by Western blot analysis. The results are representative of three independent experiments. (B) Cells were transiently transfected with either control siRNA (sicon) or siRNA specific to Mcl-1 (siMcl-1) for 72 h. Mcl-1, tBid and Bcl-XL proteins were analyzed by Western blot analysis.](jcbn13-28f02){#F2}

![Mithramycin A regulates the mTOR/Mcl-1/truncated Bid signaling pathway. (A) Levels of phospho-mTOR (p-mTOR), total mTOR, Mcl-1 and truncated Bid (tBid) extracted from athymic nude mice xenografts bearing DU145 cells were determined by Western blot analysis. (B) Working model by which the treatment of Mithramycin A (Mith) induces apoptosis in human prostate cancer through the mTOR/Mcl-1/tBid signaling pathway.](jcbn13-28f03){#F3}
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